Abstract. We reported that suramin is an effective chemosensitizer at noncytotoxic concentrations (<50 μM); this effect was observed in multiple types of human xenograft tumors in vitro and in vivo. Clinical evaluation of noncytotoxic suramin is ongoing. Because (a) suramin inhibits reverse transcriptase, (b) telomerase is a reverse transcriptase, and (c) inhibition of telomerase enhances tumor chemosensitivity, we studied the pharmacodynamics of noncytotoxic suramin on telomerase activity and telomere length in cultured cells and tumors grown in animals. In three human cancer cells that depend on telomerase for telomere maintenance (pharynx FaDu, prostate PC3, breast MCF7), suramin inhibited telomerase activity in cell extracts and intact cells at concentrations that exhibited no cytotoxicity (IC50 of telomerase was between 1 and 3 μM vs. >60 μM for cytotoxicity), and continuous treatment at 10-25 μM for 6 weeks resulted in gradual telomere shortening (maximum of 30%) and cell senescence (measured by β-galactosidase activity and elevation of mRNA levels of two senescence markers p16 and p21). In contrast, noncytotoxic suramin did not shorten the telomere in telomerase-independent human osteosarcoma Saos-2 cells. In mice bearing FaDu tumors, treatment with noncytotoxic suramin for 6 weeks resulted in telomere erosion in >95% of the tumor cells with an average telomere shortening of >40%. These results indicate noncytotoxic suramin inhibits telomerase, shortens telomere and induces cell senescence, and suggest telomerase inhibition as a potential mechanism of its chemosensitization.
INTRODUCTION
Telomeres are specific DNA structures at the ends of chromosomes that protect chromosomes from end-to-end fusion, maintain chromosome integrity, reversibly repress transcription of neighboring genes, and play a role in chromosome positioning in the nucleus [1] . Due to the inability to replicate the 3′ end of chromosomes by DNA polymerases, telomeres shorten by 50 to 200 bp per cell division in normal somatic cells. Shortened telomeres triggers replicative and accelerated senescence and induces apoptosis [2] [3] [4] [5] [6] [7] [8] [9] , whereas telomere elongation in human fibroblast IDH4 and prostate tumor DU145 cells resulted in resistance to apoptosis caused by serum depletion [10] . Senescent cells show changes in gene expression of known cell-cycle inhibitors or activators, including the cyclin-dependent kinase inhibitors p21 and p16, which are components of the p53 and pRB tumor suppressor signaling cascades [11] .
Telomerase, a ribonucleoprotein, functions as a reverse transcriptase to synthesize telomeric repeats de novo [12] . Telomerase is present in nearly all immortal cell lines, germline cells, stem cells and about 90% of human tumors, but is seldom present in normal somatic cells [13, 14] . The selective expression of telomerase in tumor cells makes telomerase an attractive therapeutic target, and several agents, including an oligonucleotide targeting the active site of telomerase and several immunotherapeutics against telomerase peptide fragments, have been in clinical trials [14] .
We and others have shown telomerase inhibition and telomere shortening enhance the chemosensitivity of tumors that depend on telomerase for telomere maintenance [8, 15, 16] . For example, telomerase inhibitors (e.g., antisense to telomerase's RNA component, reverse transcriptase inhibitor 3′-azido-3′-deoxythymidine which inhibits telomerase's protein component hTERT) inhibit telomerase activity, shorten telomere length, reduce cell growth rate, and significantly enhance tumor sensitivity to conventional cytotoxics (e.g., paclitaxel in human pharynx FaDu tumor cells and xenograft tumors, cisplatin in cisplatin-resistant human glioblastoma U251-MG cells, and agents that induce doublestranded DNA breaks and cause telomere fragmentation). In contrast, telomerase inhibitors had no activity in telomeraseindependent osteosarcoma Saos-2 cells.
Suramin, a polysulfonated naphthylurea, was first discovered in 1916. The emergence of the AIDS epidemic in early 1980s led to the discovery that suramin is a reverse transcriptase inhibitor. Suramin was tested in AIDS patients and later abandoned due to life-threatening toxicities. Nonetheless, these trials revealed its antitumor properties. Subsequent studies showed that suramin inhibits multiple growth factors. This, in turn, sparked considerable interests and efforts in developing it as a conventional cytotoxic agent [17] . In mouse tumor models [18] [19] [20] , antitumor activity of suramin was observed at doses between 100 and 260 mg/kg per week with corresponding plasma concentrations exceeding 100 μM. Clinically, suramin was evaluated in a wide variety of solid tumors, either as single agent or in combination with other chemotherapeutics, and showed modest activity at plasma concentrations of 100-250 μM; these cytotoxic concentrations resulted in significant toxicities (summarized in 21). Our laboratory has since discovered that suramin, at noncytotoxic doses that yield five to ten times lower plasma concentrations between 10 and 50 μM and no antitumor activity as a single agent, significantly enhances the efficacy of chemotherapeutics in primary or metastatic human prostate, breast, lung, and colon xenograft tumors in immunodeficient mice [21] [22] [23] [24] [25] . These findings have led to several phase I/II clinical trials, including an ongoing randomized trial, of combinations of noncytotoxic suramin with conventional chemotherapeutics [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
The mechanisms of suramin's in vivo chemosensitization effect are unclear, since it has multiple pharmacological activities (summarized in 21). Its actions are highly concentration-dependent; the targets that are inhibited by >50 μM extracellular suramin include IL-2, insulin growth factor-1, tumor necrosis factor β, and topoisomerase II; the targets that are inhibited by <50 μM extracellular suramin include fibroblast growth factors, reverse transcriptase, protein kinase C, and RNA polymerase. With respect to telomerase, two earlier studies show that inhibition by suramin occurs at high cytotoxic concentrations of ≥200 μM in intact C6 rat glioma cells and human osteosarcoma cells (24-96 h treatment) [36, 37] . As these concentrations are several times higher compared with the levels required for chemosensitization, it is unclear if telomerase inhibition contributes to suramin chemosensitization. The present study investigated the pharmacodynamics of noncytotoxic suramin on telomerase activity and telomere maintenance in vitro and in vivo. The results show noncytotoxic suramin (10-50 μM) was effective in inhibiting telomerase, shortening telomeres, and inducing cell senescence in multiple human cancer cells that depend on telomerase for telomere maintenance. The onset of senescence was slow, observed after continuous suramin treatment for 6-11 weeks. The clinical implication of the delayed onset senescence is discussed. Pharmacodynamics of suramin cytotoxicity. Human cancer cells (FaDu, prostate PC3, breast MCF7, and osteosarcoma Saos-2) were obtained from the American Type Culture Collection (Rockville, MD). Culture media (RPMI1640 for PC3 cells, MEM for FaDu, MCF7, and Saos-2 cells) were supplemented with 9% heat-inactivated FBS, 0.1% 10 mM nonessential amino acids, 2 mM L-glutamine, 90 μg/ml gentamicin, and 90 μg/ml cefotaxime sodium. Cells in exponential growth phase were harvested at~70% confluence.
MATERIALS AND METHODS

Chemicals
The antiproliferative effect of suramin was measured as inhibition of 5-bromodeoxyuridine incorporation using Cell Proliferation ELISA (Roche), and the apoptotic effect was measured by monitoring the cytoplasmic histone-associated DNA fragments (mono-and oligonucleosomes) using Cell Death Detection ELISA (Roche, absorbance measured at 405 nm). The overall cytotoxicity was determined using the sulforhodamine B assay that measures total cellular protein content [14] . The drug concentration causing 50% growth inhibition (IC 50 ) or 50% cells death (DC 50 ) was determined as previously described [38] .
Suramin uptake in cells. This was studied in FaDu cells. Briefly, cells were cultured in six-well plates and dosed with a mixture of 3 H-suramin (125 nM) and non-radiolabeled suramin (1, 10, or 100 μM). Cells were harvested and washed twice with MEM. The radioactivity in cells and culture media was measured using liquid scintillation and converted to drug concentrations using the corresponding specific activity and the cell volume of 1.7×10
−6 μl per cell [39, 40] .
Telomerase activity in cell lysates. Telomerase activity in cell lysate was measured using a modified nonradioactive telomeric repeat amplification protocol (TRAP), as we previously described [41] . Briefly, cells were lysed in sodium dodecyl sulfate-based lysis buffer and CHAPS-based buffer (1:3 ratio). The resulting cell lysate was added to the reaction mixture (10 mM Tris-HCl pH 8.3, 1.5 mM MgCl 2 , 50 mM KCl, 0.005% Tween-20, 1 mM EGTA, 50 μM dNTPs, 0.05 μg of TS primer, 0.1 mg/ml bovine serum albumin, and suramin) and incubated at 30°C for 30 min for primer extension, then at 90°C for 2 min to terminate the reaction. The extended TS primer was purified by phenol/chloroform extraction and ethanol precipitation and used as template for the subsequent polymerase chain reaction (PCR) amplification; this purification step eliminates potential inhibitors (including suramin) of Tag DNA polymerase that would introduce artifacts in the PCR results. For example, a pilot study indicated that suramin, at high concentrations (e.g., ten times the telomerase inhibitory concentrations) inhibited Taq DNA polymerase. Negative controls used lysis buffer in place of cell lysates to correct for the background signal. The PCR products were electrophoresed on a 10% polyacrylamide gel and stained with ethidium bromide, and the image was captured by a gel documentation system and analyzed by GPTools software (Gel Print 2000i, Biophotonics, Ann Arbor, MI).
Telomerase activity in intact cells. The telomerase activity in intact or whole cells was evaluated using our previously described intracellular TRAP method [38] . Briefly, suramintreated and control cells (about 1×10 5 ) were harvested and washed twice with phosphate-buffered saline (PBS). The cell pellet was resuspended and incubated with reaction mixture (100 μl of serum-free RPMI 1640 containing 5 U/ml of streptolysin O, 2 μM of TS primer, 50 μM of dNTP) at room temperature for 5 min, followed by the addition of 200 μl of RPMI 1640 containing 10% FBS to stop the permeating process. The mixture was incubated at 30°C for 30 min to allow the extension of intracellular TS primer by telomerase. The extended TS primer was then extracted by CHAPSbased lysis buffer and used as template for PCR amplification as described for cell lysate. Negative controls used lysis buffer in place of cells.
Telomere length of cultured cells. The effect of suramin on telomere length in cultured cells was studied in FaDu and PC3 cells that depend on telomerase for telomere maintenance and the telomerase-negative Saos-2 cells that do not depend on telomerase for telomere maintenance [42] . Cells were continuously treated with suramin for 6-11 weeks, with weekly medium change and cell harvesting. We measured both the average telomere length in individual cells and all cells.
Fluorescence in situ hybridization (FISH) was used to measure the telomere signals in individual cells as we previously described [43] . Briefly, cells were treated with colcemid (0.1 μg/ml for 4 h), harvested, treated with hypotonic solution, and fixed with acetic acid and methanol, dropped onto slides, air-dried and stored at −20°C. Cells were denatured at 80°C for 2 min and hybridized to fluorescein-labeled peptide nucleic acid probe (CCCTAA) 3 (PerSeptiveBiosystems, Framingham, MA) at room temperature for 2 h. The slides were washed at room temperature with 70% formamide and PBS and the chromosomes counterstained with propidium iodide and examined under a fluorescence microscopy. The digital images were analyzed by Scion Image software (NIH Image for PC).
Two methods were used to measure the mean telomere length in total cells. The first method was the previously described solution hybridization-based method that measures the telomere amount and length (TALA) [43] . Briefly, genomic DNA was isolated and digested at 37°C overnight with HinfI/CfoI/HeaIII. The oligonucleotide probe (TTAGGG) 4 was labeled by γ-32 P-ATP with polynucleotide T4 kinase and added to DNA solution (3 ng of probe in 2.5 μg DNA). After denaturation at 98°C for 5 min, hybridization was performed at 55°C overnight. The samples were electrophoresed on 0.7% agarose gel. After drying under vacuum without heating, the gel was exposed to phosphor-image screen, and the result was analyzed using the area-under-curve method of the ImageQuaNT software from Molecular Dynamics (Sunnyvale, CA). The point which equally divides the area-under-curve represents the mean telomere length. The second method was the modified monochrome multiplex quantitative PCR method [44] . Briefly, DNA was isolated using DNA isolation kit (Omega BioTek, Norcross, GA) according to the manufacturer's protocol. Telomere length was measured using real time PCR; albumin was simultaneously amplified with the telomere template to normalize for the amount of DNA per sample. The primer sequences were: Forward 5′ACACTAAGGTTTGGGTTTGG GTTTGGGTTTGGGTTAGTGT-3′ and Reverse 5′-TGTTAG GTATCCCTATCCCTATCCCTATCCCTATCCCTAACA-3′ for telomere; and Forward 5′-CGGCGGCGGGCGGCGCGG GCTGGGCGGAAATGCTGCACAGAATCCTTG-3 and Reverse 5′-GCCCGGCCCGCCGCGCCCGTCCCGCCGGAA AAGCATGGTCGCCTGTT-3′ for albumin.
Telomere length of in vivo tumors. The in vivo suramin effect was evaluated in FaDu xenograft tumors. FaDu cells (0.5~1×10 6 cell) were implanted subcutaneously in male BALB/c nu/nu mice (National Cancer Institute, Bethesda, MD). Mice received intravenous tail vein injections of 10 mg/kg suramin or normal saline solution immediately after tumor implantation and twice a week thereafter for up to 6 weeks. This suramin dose yields a peak plasma concentration of about 50 μM and a steady-state concentration of 1 μM at 72 h [45] and has no antitumor activity or host toxicity on its own, but significantly enhances the activity of chemotherapy in multiple xenograft tumor models [21] [22] [23] [24] [25] .
Tumors from suramin-and saline-treated groups were harvested weekly after 2 to 6 weeks of suramin treatments. Due to the presence of mouse stromal cells that have much longer telomere length compared with human tumor cells (>32 vs. 4.3 kbp), we used FISH to determine telomere length in individual cells (frozen tumor sections). About ten fields were randomly chosen from each tumor section, and the percentage of tumor cells with attenuated or lost telomere signals was quantified.
Cell senescence. The above studies measured the average telomere length in all cells. However, it has been shown that telomere dysfunction and senescence are triggered by the shortest telomeres and that a single critically short telomere is sufficient to cause senescence in individual cells [2, 4] . Hence, we measured cell senescence using two additional methods. First, senescent cells were identified by β-galactosidase staining as described previously [46] . Briefly, drug-treated cells were washed with PBS, fixed for 3 min with 2% formaldehyde and 0.2% glutaraldehyde, again washed with PBS, followed by staining at 37°C overnight in a solution containing 1 mg/ml of X-gal (5-bromo-4-chloro-3-indolyl P3-D-galactoside), 5 mM potassium ferricyanide, and 2 mM MgCl 2 in PBS, pH 6.0.
The second method was to quantify the mRNA levels of p16 and p21 using quantitative real-time PCR. Total RNA was isolated from FaDu cells using Quick RNA MiniPrep (Zymo Research, Irvine, CA) and reverse-transcribed to cDNA using iScript cDNA Synthesis Kit (Quanta, Gaithersburg, MD).
RT-PCR was performed in duplicates using iQ SyBR Green (Biorad) according to the manufacturer's protocol. Data were standardized to GAPDH mRNA. The primer sequences were: Forward 5′-GGAGTTAATAGCACCTCCTCC-3′ and Reverse 5′-TTCAATCGGGGATGTCTGAGG-3′ for p16; and Forward 5′-GTCAGTTCCTTGTGGAGCCG-3′ and Reverse 5′-GAAG GTAGAGCTTGGGCAGG-3′ for p21.
Immunoblotting of hTERT protein. FaDu cell pellets were collected and lysed with M-PER Mammalian Protein Extraction Reagent with Halt Protease Inhibitor Cocktail (Thermo Scientific, Rockford, IL). Lysates were centrifuged at 14,000 rpm for 5 min, and protein concentrations in the supernatant were measured using the BCA kit (Thermo Scientific). Aliquots containing 15 μg of protein were run on a Bolt™ 4-12% Bis-Tris Plus Gel (Life technologies, Carlsbad, CA) and protein were transferred to a nitrocellulose membrane using the Trans-blot Turbo Transfer System (Biorad, Hercules, CA). Blots were probed with hTERT (1:500, Abcam, Cambridge, MA), and tubulin (1:1000, Cell Signaling, Danvers, MA) primary antibodies followed by horseradish peroxidase-conjugated anti-rabbit secondary antibodies (1:2000, Cell Signaling) using the iBind™ Western System (Life Technologies). Chemiluminescence was detected, and the band intensity was analyzed using the Molecular Imager ChemiDoc XRS (Biorad). Protein levels were normalized to tubulin loading control.
Statistical analysis. Differences in measurements among multiple treatment groups were analyzed by one-way ANOVA with post hoc Tukey testing. For mRNA results, the variances in mRNA expression were heterogeneous between groups and tests were performed on the number of amplification cycles of the real-time PCR determinations. Figure 1 shows the doseresponse curves of suramin in FaDu, PC3, and MCF7 cells, obtained with three cytotoxicity assays, i.e., overall cytotoxicity (sulforhodamine B assay), antiproliferation effect (5-bromodeoxyuridine incorporation), and cell death (cytoplasmic histone-DNA complex). The results are summarized in Table I Telomerase inhibition by suramin in cell lysates and intact cells was measured using the modified TRAP assay (24 h treatment). The antiproliferative and apoptotic effects were measured as inhibition of 5-bromodeoxyuridine incorporation and release of DNA-histone complex to cytoplasm, respectively. Overall cytotoxicity was measured using the sulforhodamine B assay. All three cytotoxicity assays were studied using 96 h treatment. The total drug exposure for 50% effect (CxT 50 ) was calculated as the product of IC 50 /DC 50 values and time. Data are mean±SD of three experiments. IC 50 50% inhibitory drug concentration, DC 50 drug concentration causing 50% cell death, CxT 50 concentration-time product (total drug exposure) for 50% effect effect (ranged from 60 to 165 μM) whereas >3 times higher concentrations were required for 50% apoptosis induction (from 190 to >1,000 μM). Short-term exposure for 3 weeks or less to suramin at 25 μM suramin did not result in cytotoxicity, whereas longer exposure resulted in reduction in cell number in all three cell lines (about 10% reduction after 4 weeks and about 30-50% reduction after 6 weeks).
RESULTS
Cytotoxicity of suramin.
Uptake of suramin. Inhibition of intracellular telomerase requires suramin to enter cells whereas the physicochemical properties of suramin (highly charged anionic molecule [47] and high molecular weight of 1,429 Da) are not favorable for uptake into cells. Hence, we investigated the kinetics of suramin uptake in FaDu cells; the results are shown in Fig. 2 . plateauing intracellular concentrations were identical to the extracellular concentrations and were reached rapidly at 3 and 6 h and maintained for over 96 h. The identical intracellular and extracellular drug concentrations and the rapid uptake at lower extracellular concentrations are consistent with passive diffusion. In contrast, the intracellular concentration at the higher extracellular concentration of 100 μM increased at a slower rate, reached 100 μM at about 36 h, followed by a continued increase that eventually exceeded the extracellular concentration (e.g.,~150 μM at 96 h). The difference in drug uptake kinetics at low and high extracellular concentrations suggests concentrationdependent uptake mechanisms.
Noncytotoxic suramin inhibits telomerase in cell lysates and intact cells. Figure 3 shows the results of modified TRAP assays of telomerase activity. Suramin (24 h treatment) Table I compares the IC 50 and the corresponding total drug exposure CxT 50 (concentration-time product) for telomerase inhibition to those for suramin cytotoxicity (96 h treatment) ; the values for telomerase inhibition were, respectively, 120-to >715-fold and 500-to >3,000-fold lower. As shown below, the telomerasemediated cytotoxicity of suramin occurred slowly and required drug exposure for several weeks.
We studied the effect of noncytotoxic suramin on hTERT, the protein/enzyme component of telomerase, in order to determine if suramin exerted its telomerase inhibition via hTERT perturbation. The results, shown in Fig. 4 , indicate no significant changes in hTERT levels in intact FaDu cells, at up to 100 μM suramin.
Noncytotoxic suramin shortens telomere length in cultured cells. Effect of suramin on telomere length was measured qualitatively using FISH, semi-quantitatively using TALA, and quantitatively using monochrome multiplex quantitative PCR. The FISH results showed that treatment with suramin (25 μM for 6 weeks) reduced telomere signals in individual cells, compared to no changes in control cells (Fig. 5a ). The TALA results showed a suramin concentration-dependent shortening of telomeres in the telomerase-positive FaDu and PC3 cells after 6-week continuous treatment with 25 μM suramin. In contrast, suramin had no effect on the telomerase-negative Saos-2 cells that do not depend on telomerase for telomere maintenance (Fig. 5b) . The PCR results showed significant telomere shortening after treatments at both 10 and 25 μM for 11 weeks (Fig. 4c, p<0 .05).
Noncytotoxic suramin induces senescence in cultured cells. Cell senescence was measured semi-quantitatively using the β-galactosidase staining method and quantitatively by measuring the expression of p16 and p21. The β-galactosidase results in MCF7 and PC3 cells indicated between 10 and 35% cells were senescent after treatment with 25 μM suramin for 6 weeks (Fig. 6a) . Figure 6b shows the time-and suramin concentration-dependent increases in the mRNA levels of p16 and p21; the increases were statistically significant at the higher 25 μM concentration after 6 weeks of treatment and at both 10 and 25 μM concentrations after 11 weeks (p<0.05 or<0.01). We did not study the Saos-2 cells because it uses the alternative telomere lengthening mechanism.
Effect of suramin on telomere length in animal tumors. Mice treated with saline or 10 mg/kg suramin twice weekly for 6 weeks showed similar tumor establishment rate (i.e., 100%), tumor growth rate, and body weight (data not shown), confirming that noncytotoxic suramin had no antitumor activity as we previously reported [23, 24, 48, 49] . On the other hand, the FISH results indicate gradual telomere shortening by suramin; the cell fraction that had attenuated or lost telomere signals were significantly higher after 3 weeks and reached over 95% at 6 weeks (Fig. 7, p<0.05) .
DISCUSSION
Our results demonstrate that suramin is an effective telomerase inhibitor. Human telomerase comprises a protein component (hTERT which catalyzes the addition of nucleotides to the telomere) and a RNA component (hTR which serves as a template for the synthesis of the telomeric repeats), and several other proteins [50, 51] . Telomerase inhibitors usually target either hTR or hTERT [14, 52, 53] . As suramin is a potent reverse transcriptase inhibitor, with IC 50 of <1 μg/ml for the RNA virus enzyme [54] , the most likely target is hTERT. Our results show that suramin did not alter the hTERT protein level. A possibility is that suramin interacts with the template primer binding site of hTERT, as suggested for the inhibition of RNA virus reverse transcriptase [54] . However, as suramin also acts on other molecules that regulate telomerase, e.g., growth factors, protein kinase C, and Akt [38, [55] [56] [57] [58] [59] [60] , it is possible that other indirect mechanisms are involved.
The present study shows several noteworthy findings on the pharmacodynamics of suramin on telomerase and telomere. First, the IC 50 or CxT 50 values of suramin for telomerase inhibition are 120-to >3,000-fold lower compared with the values for short-term cytotoxicity. However, prolonged treatment with suramin at these lower, telomerase-inhibitory concentrations, for 6 weeks, resulted in reduced cell numbers (30-50% growth reduction). These findings indicate telomerase inhibition is not a major mechanism of the short-term suramin cytotoxicity but that this effect produces slow-onset cytotoxicity. This is likely because cell death due to telomere shortening occurs when the telomeres reach a critical minimum length. For example, when the telomerase in HeLa cells was inhibited by antisense constructs, cells continue to proliferate for 23-26 doublings while the average telomere length decreases by 25% from 3.3 to 2.4 kb, at which time cell death occurs [5] . Similarly, yeast cells with a fully eroded telomere continue to divide for several generations before undergoing senescence [4] . Second, the IC 50 values for telomerase inhibition in three human epithelial tumor cell lines (MCF7, PC3, FaDu) observed in the present study are 100-to 200-fold lower compared with the previously reported values in other cell types (1-2 vs. 200 μM in rat glioma or human osteosarcoma cells; 37, 38), suggesting the telomerase inhibitory effect of suramin is cell type-dependent. Third, our findings show, for the first time, that sustained telomerase inhibition by noncytotoxic suramin (10-50 μM) for 6 to 11 weeks resulted in telomere shortening and cellular senescence, in vitro and in vivo. Three senescence biomarkers, i.e., β-galactosidase activation, and gene expression of p16 and p21, were observed. While the current study did not measure the p16 and p21 protein levels, other ongoing studies found three-to five-fold increases in these proteins in PC3 xenograft tumors treated with noncytotoxic suramin twice weekly for 3 weeks (unpublished results). The clinical implications of these findings are as follows. The IC 50 and CxT 50 for the telomerase inhibition and telomere shortening effects of suramin are clinically achievable and are well within the ranges that have shown broad-spectrum chemosensitization in human xenograft tumors. This finding, together with the finding by us and others that telomerase inhibitors enhance chemosensitivity (e.g., [8, 15, 16] ), suggest telomerase inhibition as a potential mechanism of in vivo chemosensitization by noncytotoxic suramin.
We have designed the earlier clinical trials of noncytotoxic suramin in part based on two preclinical findings: (a) noncytotoxic suramin enhances tumor sensitivity to multiple classes of conventional chemotherapeutics in mice bearing human epithelial tumor xenografts, and (b) suramin chemosensitization is achieved by co-administering suramin and chemotherapeutics [23, 24, 48, 49] . These findings, plus the clinical practice, led to the trial design whereby suramin is given immediately before the chemotherapeutics, and the treatment is terminated in the event of disease progression or intolerable toxicity [27] [28] [29] [30] [31] [32] [33] [34] [35] . The current findings suggest that noncytotoxic suramin may also be used as a single agent, without concurrent chemotherapeutics, to inhibit telomerase that is selectively expressed in tumor cells and thereby induce tumor senescence. As discussed above, cell senescence through telomerase inhibition is a slow process. Hence, one approach to utilize the telomerase inhibition effect will be to continue the noncytotoxic suramin treatment beyond the duration of cytotoxic chemotherapy. The concept of maintenance therapy using agents such as antiangiogenics has been gaining popularity in clinical practice [61, 62] . Another approach is to use noncytotoxic suramin in situations where the tumor burden is not life-threatening and/or the tumor is slow-growing, such that the telomerase inhibitioninduced senescence may result in clinical benefits.
In summary, results of the present study indicate suramin, at concentrations with no appreciable acute cytotoxicity (both antiproliferation and cell death), inhibited telomerase, shortened telomeres, and induced cell senescence in multiple human epithelial cancer cell lines that depend on telomerase for telomere maintenance. These findings improve our understanding of the mechanisms of its in vivo chemosensitization effect and may be used to design future clinical trials to capture these pharmacodynamic properties.
